Strong photoluminescence at 1.53 m was obtained from a GaSb/ Al 0.4 Ga 0.6 Sb multiplequantum-well sample grown on Si substrate, indicating greatly reduced defects by InSb quantum-dot layers that terminate dislocations. The carrier lifetime of 1.4 ns, comparable to typical InP-based quantum wells, and its independence on excitation power indicates the low defect density. Due to the wide well width and tensile strain, photoluminescence was dominated by the light hole-electron transition at low temperature. However, the heavy hole-electron transition was dominant at room temperature due to the proximity of energy levels and higher density of states for the heavy hole transition. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3205473͔
The growth of GaSb/AlSb quantum wells ͑QWs͒ on GaAs or GaSb substrate has attracted increasing interest for applications to infrared detectors, 1 midinfrared diode lasers, 2 vertical cavity surface emitting laser, 3 and modulator 4,5 because of electronic band structure, small effective electron mass, high carrier mobility, and saturation velocity. 6 The development of GaSb/AlSb QW on silicon substrate is especially important for the integration of light sources into Si integrated circuits for interconnection. Besides, silicon is the lowest cost high quality substrate and allows growth on a large area, further reducing the cost per device. However, the growth of III-V compounds on silicon substrate is very difficult due to the large mismatch in lattice constant, 13%, and thermal expansion coefficient, 7 causing the high threading dislocation density. By using AlSb as a buffer layer to prevent development of threading dislocations, 7-9 the quality of GaSb QWs on Si substrate was improved significantly. However, photoluminescence ͑PL͒ from those QWs was still very weak at room temperature, indicating significant defect density. The growth condition and buffer layer selection for GaSb/AlGaSb multi-QWs ͑MQWs͒ on Si substrate play a key role in enhancing emission intensity. Recently, by introducing a quantum dot defect filter, the dislocation in active layers on Si substrate was greatly suppressed. [10] [11] [12] In this letter, we present strong PL at room temperature from a high quality GaSb/AlGaSb MQW on Si, with the help of dislocation blocking InSb quantum dot layers. Excitation power dependence of PL intensity at room temperature indicates very low defect density in the MQW. Polarization resolved PL spectrum shows dominance of electron-light hole ͑LH͒ transition at low temperature due to the wide well width, 17 nm, but that of electron-heavy hole ͑HH͒ transition at room temperature due to its larger density of states. Time resolve PL shows the carrier lifetime of 1.4 ns at 10 K and also indicates the low defect density in the GaSb MQW on Si.
A GaSb/ Al 0.4 Ga 0.6 Sb MQW was grown on ͑100͒ Si substrate by using molecular beam epitaxy. The sample has a laser diode structure, but without doping, as shown in Fig. 1 . The MQW is surrounded by thick Al 0.8 Ga 0.2 Sb cladding layers and 300 nm Al 0.4 Ga 0.6 Sb waveguide layers. The thickness of GaSb well and Al 0.4 Ga 0.6 Sb barrier are 17 and 20 nm, respectively. Before the cladding layer is grown, metamorphic buffer layers of 400 nm thick GaSb, 300 nm thick AlSb, and 4 InSb/GaSb quantum dot layers are deposited on Si substrate. The quantum dot layers are critical to block the dislocation from the bottom layers. The details of growth were described elsewhere. 13 Figure 2 shows normalized PL spectra at various excitation powers at room temperature, together with a normalized PL spectrum at 10 K. The excitation wavelength was 800 nm to generate carriers only from the MQW region. Although the absorption layer is thin and so the number of photogenerated carriers was small, the PL was strong enough to show a clean PL spectrum even at the excitation power density of 1.5 W / cm 2 , in contrast to the previous reports, which showed no PL spectrum or very weak PL at 300 K.
14,15 The PL peak was at 1530 nm, 0.810 eV with the full width at half maximum of 20 meV. At 10 K, the PL peak was at 1470 nm, 0.845 eV with the full width at half maximum of 11 meV. Figure 3 shows the integrated PL intensity versus excitation intensity from the MQW at room temperature. Typically, the PL increase is slow at low excitations due to the capture into nonradiative recombination centers and becomes faster at higher excitations at which the nonradiative centers are significantly filled. However, here, the intensity grew more and less the same rate from the lowest excitation, which indicates the insignificant contribution of nonradiative recombination centers. Figure 4 shows PL spectra at various temperatures from the GaSb/ Al 0.4 Ga 0.6 Sb MQW. At low temperatures, PL spectrum showed only one peak. However, another peak at the high-energy side appeared at the intermediate temperatures, which became dominant at room temperature. At 10 K, the single peak is from the lowest lying LH-electron transition since the GaSb well width is large and the well is tensile strained ͑0.27% between GaSb and Al 0.4 Ga 0.6 Sb, 0.55% between GaSb and Al 0.8 Ga 0.2 Sb͒. 16, 17 As temperature increases, the occupation to the close higher energy state, HH state, increases. Additionally, the higher density of states for the HH transition makes the PL signal strong enough to be visible even at intermediate temperatures 140 K and dominant at room temperature. The separation between two states is 23 meV from a fitting, which suggests more tensile strain in the QW, possibly due to remained contribution from the cladding layer.
Transverse-electric ͑TE͒ light contains contributions from both the LH and HH transitions, and transversemagnetic ͑TM͒ light from the electron-LH transition in QW. 18 The polarization dependence of a PL spectrum was measured to confirm the LH and HH characters. Excitation was normal to the sample plane, near the edge, and the detection was in the perpendicular direction to collect light in both TM and TE polarizations. Figure 5 shows the PL spectrum in TM or TE polarization at 170 K. The ground state PL is largely TM-polarized, attesting the LH character. The contribution of the higher energy state in the TE-polarized PL is comparable to that of the LH transition, suggesting the HH character for the higher state. Together with dominance of the higher energy PL at the high temperatures, the polarization dependence confirms that the ground state level is LHelectron transition and the high-energy state is HH-electron transition. It is interesting to get PL with the dominant HHelectron contribution at room temperature from the wide QW, even though the LH-electron is the lowest energy state.
Time resolved PL measurements were performed by a streak camera of 5 ps resolution with 2 ps pulses from a Ti:sapphire laser. To select the specific regions of the PL spectrum, a 30 nm band pass filter was used. Figure 6 shows PL decay curves at the position of LH-electron emission with various excitation powers. The carrier lifetime from a fitting of the decay curve with a single exponent is 1.4 ns, which is comparable to that of QWs based on InP. The decay curve does not change with the reduction of excitation power, indicating that the contribution of nonradiative recombination centers in the QWs is not significant to capture the carriers in the QWs. When the nonradiative centers, mainly defects, are within the exciton Bohr radius of GaSb the carriers will be captured into the defects in a short time to significantly reduce the lifetime, especially at low excitation.
In summary, we report strong PL at 1.53 m from a high quality GaSb/AlGaSb MQW on Si, which has dislocation terminating InSb quantum dot layers. From the lifetime 
